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Attorney Docket No. 60.1536 

DETERMINING FLUID CHEMISTRY OF FORMATION FLUID 

BY DOWNHOLE REAGENT INJECTION SPECTRAL ANALYSIS 

[0001] This application claims priority to co-owned, co-pending GB patent application 
no. 0227267.2 (docket no. 57.0520), to Raghuraman et al., "Apparatus and Method for 
Analysing Downhole Water Chemistry", filed 22 November 2002. 

Field of the Invention 

[0002] The invention is intended for use in the petroleum industry, or in any industry 
requiring the characterization of fluids residing downhole in a fluid reservoir in an earth 
formation surrounding a borehole. 

Background of the Invention 

[0003] In oil well evaluation, quantitative analyses of formation fluid are typically 
performed in a laboratory environment, the samples having been collected downhole and 
brought to the surface in the sample chamber of a wireline formation tester. 

[0004] Standard laboratory procedures are available to do quantitative analyses by addition 
of a reagent that reacts chemically with a specific target species in a sample to cause 
detectible changes in fluid property such as color, absorption spectra, turbidity etc. See 
Vogel, A. I., "Text-Book of Quantitative Inorganic Analysis, 3rd Edition", Chapter 10-12, 
John Wiley, 1961. Such changes in fluid property may be caused, for example, by the 
formation of a product that absorbs light at a certain wavelength, or by the formation of an 
insoluble product that causes turbidity, or bubbles out as gas. For example, addition of pH 
sensitive dyes is used for colorimetric pH determination of water samples. A standard 
procedure for barium determination requires addition of sodium sulfate reagent to the fluid 
sample resulting in a sulfate precipitate that can be detected through turbidity measurements. 
Some of these standard laboratory procedures have been adapted for flow injection analysis 
(Ruzicka, J. and Hansen, E. EL, Flow Injection Analysis, Chapters 1 and 2, John Wiley, 
1981). Flow injection analysis "is based on the injection of a liquid sample into a moving 
non-segmented continuous carrier stream of a suitable liquid" (Chapter 2, page 6). 

[0005] Fluid samples collected downhole can undergo various reversible and irreversible 
phase transitions between the point of collection and the point of analysis as pressure and 
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temperature conditions are hard to preserve. Concentrations of constitutive species may 
change because of loss due to vaporization, precipitation etc., and hence the analysis as done 
in the laboratories may not be representative of true conditions downhole. For example, 
water chemistry and pH are important for estimating scaling tendencies and corrosion; 
however, the pH can change substantially as the fluid flows to the surface. Scaling out of salts 
and loss of carbon dioxide and hydrogen sulfide can give misleading pH values when 
laboratory measurements are made on downhole-collected samples. 

[0006] While downhole formation sampling tools are usually equipped with 
spectrophotometric detectors, currently there are no available methods to carry one or more 
reagents downhole and inject them into the flow-line to enable such an analysis. 

Summary of the Invention 

[0007] A method for analyzing formation fluid in earth formation surrounding a borehole 
includes storing analytical reagent in a reagent container in a fluids analyzer in a formation 
tester and moving the formation tester, including the reagent, downhole. Reagent from the 
reagent container is injected into formation fluid in the flow-line to make a mixture of 
formation fluid and reagent. The mixture is moved through a spectral analyzer cell in the 
fluids analyzer to produce a time-series of optical density measurements at a plurality of 
wavelengths. A characteristic of formation fluid is determined by spectral analysis of the 
time-series of optical density measurements. 

[0008] A method for determining fluid chemistry of formation fluid in earth formation 
surrounding a borehole includes storing analytical reagent in a reagent container coupled to a 
fluids analyzer via a flow-line in a formation tester, transporting the formation tester 
downhole, drawing formation fluid into the flow-line, moving a mixture of formation fluid 
and analytical reagent through a spectral analyzer cell in the fluids analyzer, and performing 
reagent injection spectral analysis on the mixture. Performing reagent injection spectral 
analysis includes injecting reagent into the flow-line to create a mixture of formation fluid 
and reagent in the flow-line. Preferably, the method further includes establishing and storing 
baseline optical density values for at least one wavelength prior to injecting reagent. 
Preferably, injecting reagent includes injecting a predetermined volume of reagent into 
formation fluid within the flow-line. Preferably, injecting reagent includes adjusting the 
predetermined volume. Preferably, adjusting the predetermined volume includes adjusting an 
injection period of time. Preferably, injecting reagent includes injecting reagent into a 
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stopped formation fluid. Preferably, injecting reagent includes injecting reagent using a 
syringe pump. 

[0009] Alternatively, adjusting the predetermined volume includes adjusting an injection 
pump rate. 

Alternatively, injecting reagent includes injecting reagent into a flowing formation 

fluid. 

Alternatively, injecting reagent includes injecting reagent using wellbore 
overpressure using a restrictor or a throttle valve. 

Alternatively, injecting reagent includes extracting formation fluid from a stopped 
flow-line using a syringe pump, a flow-line pump, or a step piston, 

[0010] A fluids analyzer for analyzing formation fluid in earth formation surrounding a 
borehole includes a probe for receiving downhole formation fluid from earth formation, a 
flow-line coupled to receive formation fluid downhole from the probe, a reagent container in 
fluid communication with the flow-line, spectral analyzer means coupled to receive a mixture 
of formation fluid and reagent from the flow-line downhole for analyzing the mixture to 
produce time-series optical density data at a plurality of wavelengths, and computing means 
for determining a characteristic of formation fluid from the optical density data. Preferably, 
the reagent container is a syringe pump. 

[0011] Alternatively, the reagent container is exposed to wellbore pressure. Alternatively, 
a fluid container is coupled to extract fluid from the flow-line. 

[0012] Optionally, a second reagent container is provided in communication with the flow- 
line independently of a first reagent container. 

Brief Description of the Drawings 

[0013] FIG. 1 illustrates a first preferred embodiment of a fluids analyzer of the invention 
located in a wireline formation tester. 

[0014] FIG. 2 shows detail of the fluids analyzer of FIG. 1 having an injection syringe 
pump reagent container, the fluids analyzer configured for executing the steps of a first 
preferred embodiment of the method. 
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[0015] FIGS. 3-5 are flowcharts illustrating the first preferred embodiment of the method 
of the invention, the method using reagent injection spectral analysis operating in a reagent- 
injected-by-syringe-pump, sample-stopped mode to determine downhole fluid chemistry. 

[0016] FIG. 6 shows detail of a second embodiment of the fluids analyzer, including the 
apparatus of FIG. 2, plus a check valve, and a safety relief valve, the fluids analyzer 
configured for executing the steps of a second embodiment of the method. 

[0017] FIG. 7 is a flowchart illustrating the second embodiment of the method of the 
invention, the method including reagent injection spectral analysis operating in a reagent- 
injected-by-syringe-pump, continuous-flow mode. 

[0018] FIG. 8 shows detail of a third embodiment of the fluids analyzer, the fluids analyzer 
including a passive reagent container, the fluids analyzer configured for executing the steps 
of a third embodiment of the method. 

[0019] FIG. 9 is a flowchart illustrating the third embodiment of the method of the 
invention, the method including reagent injection spectral analysis operating in a reagent- 
injected-by-wellbore-pressure, uncontrolled, sample-stopped mode. 

[0020] FIG. 10 shows detail of a fourth embodiment of the fluids analyzer configured for 
executing the steps of a fourth embodiment of the method by including a passive reagent 
container with a restrictor at its outlet. 

[0021] FIG. 1 1 is a flowchart illustrating the fourth embodiment of the method of the 
invention, the method including reagent injection spectral analysis operating in reagent- 
injected-by-wellbore-pressure, restrictor-limited, sample-flowing mode. 

[0022] FIG. 12 shows detail of a fifth embodiment of the fluids analyzer, the fluids 
analyzer including a reagent container with a pressure-coupler (passive piston) and a throttle 
valve, the fluids analyzer configured for executing the steps of a fifth embodiment of the 
method. 

[0023] FIG, 13 is a flowchart illustrating the fifth embodiment of the method of the 
invention, the method including reagent injection spectral analysis operating in reagent- 
injected-by-wellbore-pressure, throttle-controlled, sample-flowing mode. 

[0024] FIG. 14 shows detail of a sixth embodiment of the fluids analyzer, including a 
reagent container with a pressure-coupler (passive piston) and a fluid container 33 with an 
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extractor pump (syringe pump), the fluids analyzer configured for executing the steps of a 
sixth embodiment of the method. 

[0025] FIG. 15 is a flowchart illustrating the sixth embodiment of the method of the 
invention, the method including reagent injection spectral analysis operated in a reagent- 
injected-by-sample-extraction, syringe-pump, sample-stopped mode. 

[0026] FIG. 16 shows detail of a seventh embodiment of the fluids analyzer, including a 
reagent container with a pressure-coupler (passive piston), the fluids analyzer configured for 
executing the steps of a seventh embodiment of the method. 

[0027] FIG. 17 is a flowchart illustrating the seventh embodiment of the method of the 
invention, the method including reagent injection spectral analysis operated in a reagent- 
injected-by-sample-extraction, main-pump, sample-stopped mode. 

[0028] FIG. 18 shows detail of a eighth embodiment of the fluids analyzer, including a 
passive reagent container including a pressure-coupler (passive piston), a fluid container, and 
a step piston, the fluids analyzer configured for executing the steps of a eighth embodiment 
of the method. 

[0029] FIG. 19 is a flowchart illustrating the eighth embodiment of the method of the 
invention, the method including reagent injection spectral analysis operated in a reagent- 
injected-by-sample-extraction, step-piston, sample-stopped mode. 

[0030] FIG. 20A is a graph of optical density and dilution against time, presenting 
experimentally derived reagent/sample fluid mixing curves. 

[0031] FIG. 20B is a graph of pH and optical density against time. 

Detailed Description 

General 

[0032] The present invention provides a method and apparatus for determining fluid 
chemistry of formation fluid in an earth formation surrounding a borehole. In particular, it 
provides a novel method and apparatus for delivering a suitable mixture of formation fluid 
and analytical reagent to a downhole spectral analyzer. 

[0033] The above-mentioned priority document, patent application GB 0227267.2 
discloses a method for analyzing downhole water chemistry. It discloses a general approach 
to analysis of water chemistry including details of the chemistry and the spectral analysis 
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involved. This approach requires injecting a specific indicator or reagent into a sample of 
water and determining the resulting color of the fluid with an optical spectrophotometer. 
Patent application GB 0227267.2 is hereby incorporated herein by reference. 

[0034] The present invention, in a preferred embodiment, also requires injecting reagent 
into a downhole sample of formation fluid, and discloses an apparatus and a method to do 
this. The present invention also discloses in detail a novel method for injecting reagent into 
formation fluid that may contain any of water, oil, and gas, to make a suitable mixture of 
formation fluid and analytical reagent for downhole spectral analysis. The method includes 
transporting reagent downhole, inserting or drawing analytical reagent into formation fluid to 
make a mixture of formation fluid and analytical reagent, and advancing the mixture through 
the cell of a spectral analyzer for downhole spectral analysis. A preferred embodiment uses a 
reagent container and an injector pump (syringe injector pump) for injecting reagent into the 
flow-line. Other embodiments use well bore overpressure to inject reagent into the flow-line 
with a restrictor or a throttle valve to control flow rate. This eliminates the need for an 
injector pump. Other embodiments use a fluid container with a syringe pump, a flow-line 
pump, or a step piston, to extract formation fluid from the flow-line, thereby inducing reagent 
injection into the flow-line. 

[0035] As noted above, flow injection analysis is based on the injection of a liquid sample 
into a moving non-segmented continuous carrier stream of a suitable liquid. In contrast, the 
present invention involves downhole injection of reagent into a formation fluid sample. 

First Preferred Embodiment, 

Reagent Jnjected-by-Syringe-Pump, Sample-Stopped Mode 

[0036] FIGS. 1-5 illustrate a first preferred embodiment of the invention configured for 
reagent injection spectral analysis operating in reagent-injected-by-syringe-pump, sample- 
stopped mode. 

[0037] FIG. 1 shows a wireline formation tester 15, including fluids analyzer 20 configured 
for operation in reagent-injected-by-syringe-pump, sample-stopped mode. The formation 
tester is shown downhole within borehole 12 of formation 10 suspended by logging cable 17. 
Logging cable 17 also couples the formation tester to surface system 18. Fluids analyzer 20 
is located within formation tester 15. Probe 21 is shown extending from the formation tester. 
Major elements of fluids analyzer 20 are fluid flow-line 30, reagent container 31, spectral 
analyzer 41, flow-line pump (dual chamber piston pump) 51, and main pump-out line 61, 
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[0038] FIG. 2 shows the formation tester held in position by hydraulic anchoring 
pistons 22. FIG. 2 also provides more detail of fluids analyzer 20. 

[0039] Probe 21 is shown mounted to carriage 23 and penetrating mud cake 1 1 . Resilient 
packer 25 provides a seal and inflow aperture 26 is in fluid communication with formation 
fluid. Resilient packer 25 seals inflow aperture 26 and flow-line 30 from well bore pressure. 
(Wellbore pressure is usually greater than formation pressure). 

[0040] FIGS. 1 and 2 show formation fluid analyzer 20 having probe 21, flow -line 30, 
reagent container 31 (having an injector pump 32), spectral analyzer 41, and main pump-out 
line 61. For convenience the probe, the flow-line, and the main pump-out line are shown in a 
single module. However, typical prior art formation testers include multiple modules sharing 
a single probe, a single flow-line and a single pump-out line. The present invention is 
intended to include configurations wherein such elements may be located in different 
modules but are shared by two or more analyzers. 

[0041] Flow-line 30 couples aperture 26 to spectral analyzer 41 via first flow-line isolation 
valve VI. It also provides an entry point for fluid injection of reagent from reagent 
container 31 via reagent container isolation valve V2. It also couples spectral analyzer 41 to 
flow-line pump 51, and, via second flow-line isolation valve V3, to main pump-out line 61. 

[0042] Flow-line 30 has a cross-sectional area of approximately 0.2 cm 2 . 

[0043] Reagent container 31 with injector pump 32 in the first preferred embodiment is 
provided as a syringe injector pump. Preferably, container 31 has a capacity of 
approximately four liters. The volume of reagent in a single injection is preferably in the 
range 2-10cc. 

[0044] Additional reagent containers, each having its own reagent container isolation valve 
V2, may be provided to increase reagent storage capacity or to provide the ability to select 
and inject an alternative reagent without withdrawing the formation tester from the wellbore. 
An auxiliary reagent container 31a is shown dotted in FIG. 2. 

[0045] Spectral analyzer 41 is a conventional multi-channel (i.e. multi-wavelength) 
spectral analyzer, having a spectral analyzer cell 42, an illumination source 43, and an 
illumination detector 44. Spectral analyzer 41 has at least two channels, preferably more. 
Measuring pH requires a minimum of two channels. Optical density measurements are made 
simultaneously on all channels at the rate of at least three per second, preferably higher. To 
accommodate measurements of a wide range of target measured properties, the spectral 
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analyzer preferably has ten channels, each channel measuring optical density at a different 
wavelength. 

[0046] Flow-line pump 5 1 is a conventional dual-chamber piston pump. 

[0047] Bypass valve V4 allows excess formation fluid to flow to main pump-out line 61 
when reagent is injected into the otherwise stopped flow-line of the first preferred 
embodiment. 

First Preferred Method, Reagent Jnjected-by-Syringe-Pump, Sample-Stopped Mode 

[0048] The first preferred embodiment of the method of the invention uses reagent 
injection spectral analysis operating in syringe-pumped-injection, sample-stopped mode. The 
method is summarized in the flowcharts of FIGS. 3-5. 

[0049] Referring to FIGS. 2 and 3, reagent container 3 1 is filled with reagent and 
formation tester is lowered to a position downhole in the borehole (FIG. 3, 311-312) where it 
is anchored. Probe 21 is extended such that fluid communication is established (313) 
between formation fluid and fluid in flow-line 30. Flow-line pump 51 is running, isolation 
valves VI and V3 are open, and bypass valve V4 is closed, so formation fluid is drawn (314) 
via inflow aperture 26 of probe 21 into flow-line 30. The flow rate of formation fluid 
flowing through the flow-line is preferably in the range l-20cc/sec. 

[0050] Preferably, although not shown in FIG. 3, the method of the invention includes 
establishing and storing baseline optical density values at multiple wavelengths prior to 
injection of reagent. 

[0051] Referring to FIG. 3, a selected volume of analytical reagent is injected (315) into 
formation fluid in the flow-line to make a mixture of formation fluid and analytical reagent in 
the flow-line. Because the first preferred embodiment uses the syringe-pumped-injection, 
sample-stopped mode, it is necessary to open some valves and close other valves before and 
after injection of reagent. The process of step 315 in FIG. 3 is described in more detail by 
steps 41 1-417 of FIG. 4. 

[0052] Step 414 of FIG. 4 requires running injector pump 32 at a predetermined pump rate 
for a predetermined injection time so as to inject a predetermined volume of reagent from the 
reagent container 31 into flow-line 30. Achieving a suitable volume involves adjusting the 
volume in accordance with step 318 of FIG. 3, and executing steps 511-513 of FIG. 5 
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iteratively to provide a suitable value for the volume to inject. These processes are described 
below. The criteria for "suitable value" can be best understood by reference to FIG. 20A. 

[0053] The curves in FIG. 20A are based on time-series optical density laboratory 
measurements, made in a simulated fluids analyzer and flow-line, on reagent and sample 
fluid mixing for various volumes of reagent injected into sample fluid in a stopped-flow 
mode. The sample flow-line velocity in the graphs of FIG. 20A is 50 cm/sec. 

[0054] The graph of FIG. 20A provides an optical density (OD) (left-side scale) and a 
corresponding dilution factor (right-side scale), of the reagent in the sample, for each volume 
of reagent in a single injection as a function of time. 

[0055] In the present invention, a curve is selected whose peak lies between a smaller 
dilution factor value and a larger dilution factor value, outside of which the dilution factor is 
too small or too large for the specific analysis being attempted, or the signal to noise ratio is 
unacceptable. 

[0056] The selection of an initial volume for execution of step 315 is not critical because 
adjusting the volume in accordance with steps 318 and 511-513 will produce a suitable value 
for volume to be inserted. For example, for a pH measurement of a moderately buffered 
sample using 0.04% phenol red reagent, and a sample flow-line velocity of 50 cm/sec, the 2 
cc curve is selected from FIG. 20A because its peak lies between dilution factor = 10 and 
dilution factor = 20, the dashed lines in FIG. 20A. 

[0057] Selection of the volume 2 cc ensures a relatively large number of valid 
pH measurements (acceptable dilution and good signal to noise ratio), in this case 6 
measurements at the rate of 3 measurements per second. The corresponding dilution factor at 
the peak (11.5 read from the right-side scale) provides the basis for calculating the volume of 
reagent to be injected. 

[0058] For a fluids analyzer in accordance with the preferred embodiment of the apparatus, 
the graph of FIG. 20A may be used to produce a suggested initial value of volume of reagent 
to be injected (step 414). The graph of FIG. 20A is entered using the standard dilution factor 
or the standard dilution factor range for the reagent as recommended for. use in a laboratory 
version of the desired measurement. The curve whose peak dilution factor value is smaller 
than the standard dilution factor, or is within the standard dilution factor range, is selected. A 
first preliminary value for suitable volume is set equal to the volume associated with the 
selected peak. To the extent the sample flow-line flow rate is less than or greater than 50 
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cm/sec, the first preliminary value is increased or reduced to produce a suggested initial 
value. 

[0059] It would be possible to select the "5 cc" or higher volume curves and use 
measurements from two time windows (one before the peak and one after the peak) with 
acceptable dilution and signal to noise ratio but this would involve consuming more reagent. 

[0060] The last step in FIG. 4, (417), includes re-starting flow-line pump 51, thereby 
moving the mixture through the cell of the spectral analyzer, as indicated in FIG. 3 (316). 

[0061] Optical density of the mixture in the cell of the spectral analyzer is measured to 
produce a time series of optical density values at multiple wavelengths. See FIG. 3 (317). 
The measured optical density at each wavelength will change with time in a manner similar 
to the "2 cc" curve of FIG. 20A. 

[0062] Because of uncertainties in the actual sample flow-line velocity and the actual 
reagent-sample mixing patterns in the downhole tool, it is recommended to adjust the volume 
of reagent to get a suitable dilution and an acceptable signal to noise ratio. See FIG. 3 (318). 
The process of adjusting the volume to be injected is detailed in steps 512-515 of FIG. 5. 
The peak OD values at one or more wavelengths are checked to verify that the dilution factor 
and the signal to noise ratio are acceptable. If the dilution factor and the signal to noise ratio 
are acceptable, a time series of optical density values at multiple wavelengths measured 
during this time period is considered valid. 

[0063] The acceptable range will be different for different reagents and analytical 
procedures. As noted above, one or more auxiliary reagent containers may be included to 
provide the ability to select and inject an alternative reagent without requiring withdrawal of 
the formation tester from the wellbore. 

[0064] Validated optical density values are stored as time series tables of spectral values. 
Then these tables of spectral values are used to produce an analysis of formation fluid using 
conventional spectral analysis techniques. See FIG. 3 (319-320). 

[0065] The volume of reagent to be injected is determined by syringe pump rate and time. 
Preferably, the syringe pump rate is fixed, and adjusting the volume of reagent to be injected, 
involves adjusting an injection time. Alternatively, adjusting the volume of reagent to be 
injected includes adjusting the syringe pump rate. 
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Second Embodiment, 

Reagent-Injected-by-Syringe-Pump, Sample-Flowing Mode 

[0066] The second embodiment of the invention is illustrated in FIG. 6 (apparatus) and 
FIGS. 7, 3 and 5 (method). 

[0067] FIG. 6 shows fluids analyzer 20 configured for operation of the second 
embodiment. The configuration of FIG. 6 includes all except valve V4 of the elements of 
FIG. 2 including injector pump 32, plus check valve V5 and a pressure-release safety valve 
V6. Check valve V5 prevents back flow of reagent through the open isolation valve VI. V6 
is a pressure-release safety valve needed to relieve excess pressure across check valve V5 
when the formation tester is brought to the surface. 

[0068] FIG. 7 shows the method of the second embodiment using reagent injection spectral 
analysis operating in reagent-injected-by-syringe-pump, sample-flowing mode. The method 
of the second embodiment applies steps 315 and 316 of FIG. 3 as executed by the steps of 
FIG. 7. Referring to FIG. 6, the method includes running injector pump 32 at a second 
selected pump rate for a predetermined injection time so as to inject a defined volume of 
reagent from reagent container 31 into flow-line 30. This creates a flowing mixture of 
formation fluid and reagent in the flow-line. Adjusting the volume of reagent to be injected, 
as required by step 318 of FIG. 3, and as executed by the steps of FIGS. 5 and 7, involves 
adjusting an injection time or adjusting the pump rate of the syringe pump. 
Third Embodiment, 

ReagenMnjected-by-Wellbore-Pressure, Uncontrolled, Sample-Stopped Mode 

[0069] The third embodiment of the invention is illustrated in FIG. 8 (apparatus) and 
FIGS. 9 and 3 (method). 

[0070] FIG. 8 shows fluids analyzer 20 configured for operation in reagent-injected-by- 
wellbore-pressure, uncontrolled, sample-stopped mode. FIG. 8 shows a passive reagent 
container 35, i.e. a reagent container without the syringe pump of FIG. 2. FIG. 8 also shows a 
pressure-coupler (passive piston) 36, and reagent container isolation valve V2. Passive 
piston 36 is continually exposed to wellbore pressure. Container 35 has a reagent capacity of 
approximately 4 liters, of which a reagent volume of approximately 2-5cc will transfer into 
the stopped volume of the flow-line, the reagent volume set by the difference between 
wellbore pressure and flow-line pressure, the stopped volume, and fluid compressibility. The 
stopped volume is the volume enclosed between isolation valve VI and pump 51. 
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[0071] The method of the third embodiment applies steps 315 and 316 of FIG. 3 as 
executed by the steps of FIG. 9. The method uses reagent injection spectral analysis 
operating in a reagent-injected-by-wellbore-pressure, uncontrolled, sample-stopped mode, 
using the difference between wellbore pressure and flow-line pressure to insert reagent. The 
method of the third embodiment includes holding reagent container isolation valve V2 open 
for a predetermined injection time to allow the difference between wellbore pressure and 
flow-line pressure to inject reagent from reagent container 35 into flow-line 30. This creates 
a stopped mixture of formation fluid and reagent in the flow-line. When using wellbore 
pressure injection in stopped-flow mode, the ability to adjust the volume of analytical reagent 
is limited, so step 318 of FIG. 3 is omitted and step 319 is limited to "storing optical density 
values as a time series table of spectral values" because the optical density values are not 
validated. 

Fourth Embodiment, 

Reagent-Injected-by-Wellbore-Pressure, Restrictor-Limited, Sample-Flowing Mode 

[0072] The fourth embodiment of the method of the invention is illustrated in FIG. 10 
(apparatus) and FIGS. 11, 3 and 5 (method). 

[0073] FIG. 10 shows fluids analyzer 20 configured for operation of the fourth 
embodiment of the method. FIG. 10 shows a reagent container 35 with a pressure-coupler 
(passive piston) 36, an isolation valve V2, and a restrictor 53. FIG. 10 also shows check 
valve V5 and a pressure-release safety valve V6. As in the second embodiment, check valve 
V5 prevents back flow of reagent through the open isolation valve VI, and V6 is a pressure- 
release safety valve needed to relieve excess pressure across check valve V5 when the 
formation tester is brought to the surface. 

[0074] FIG. 10 illustrates a fourth embodiment of the method of the invention. The 
method of the fourth embodiment applies steps 315 and 316 of FIG. 3 as executed by the step 
1 12 of FIG. 11. The method uses reagent injection spectral analysis operating in reagent- 
injected-by-wellbore-pressure, restrictor-limited, sample-flowing mode. Injection is by 
wellbore pressure via restrictor 53 and isolation valve V2. The method of the fourth 
embodiment includes holding isolation valve V2 open for a predetermined injection time to 
allow wellbore pressure to inject a controlled volume of reagent from reagent container 35 
into stopped formation fluid in flow-line 30. This creates a mixture of formation fluid and 
reagent in the flow-line. Adjusting the volume of reagent, as indicated in step 318 of FIG. 3 
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and steps 512-515 of FIG. 5, includes executing the steps of FIG. 11. In the fourth 
embodiment this includes adjusting the injection time. 

Fifth Embodiment, 

Reagent-Injected-by-Wellbore-Pressure, Throttle-Controlled, Sample-Flowing Mode 

[0075] The fifth embodiment of the method of the invention is illustrated in FIG. 12 
(apparatus) and FIGS, 13, 3 and 5 (method). 

[0076] FIG. 12 shows fluids analyzer 20 configured for operation of the fifth embodiment 
of the method. FIG. 12 shows a reagent container 35 with a pressure-coupler (passive 
piston) 36, as in FIGS. 8 and 10, and with a throttle valve V8. FIG, 12 also shows check 
valve V5 and a pressure-release safety valve V6. As in the second embodiment, check valve 
V5 prevents back flow of reagent through the open isolation valve VI. V6 is a pressure- 
release safety valve needed to relieve excess pressure across check valve V5 when the 
formation tester is brought to the surface. 

[0077] FIG. 13 illustrates a fifth embodiment of the method of the invention. The method 
of the fifth embodiment applies steps 315 and 316 of FIG. 3 as executed by the step 1312 of 
FIG. 13. The method uses reagent injection spectral analysis operating in reagent-injected- 
by-wellbore-pressure, throttle-controlled, sample-flowing mode. Injection is by wellbore 
pressure via throttle valve V8. The method of the fourth embodiment includes holding 
throttle valve V8 open at a predetermined throttle- valve setting for a predetermined throttle- 
valve injection time to allow wellbore pressure to inject a controlled volume of reagent from 
reagent container 35 into formation fluid flowing in flow-line 30. This creates a flowing 
mixture of formation fluid and reagent in the flow-line. Adjusting the volume of reagent in 
step 318 of FIG. 3 and steps 512-515 of FIG. 5 includes executing the steps of FIG. 13. In 
the fifth embodiment this includes adjusting the volume to a new injection volume by 
adjusting one or both of the throttle setting of throttle valve V8 and the injection time. 

Sixth Embodiment, 

Reagent-Injected-by-Sample-Extraction, Syringe-Pump, Sample-Stopped Mode 

[0078] The sixth embodiment of the method of the invention is illustrated in FIG. 14 
(apparatus) and FIGS. 15, 3 and 5 (method). 

[0079] FIG. 14 shows fluids analyzer 20 configured for operation of the sixth embodiment 
of the method. The configuration of FIG. 14 includes reagent container 35 with pressure- 
coupler (passive piston) 36, fluid container 33 with an extractor pump (syringe pump) 34, 



13 



isolation valve V7, and discharge valve V9. Fluid is drawn into fluid container 33 via 
isolation valve V7 and is discarded downhole via discharge valve V9 and auxiliary pump-out 
line 62. 

[0080] FIG. 15 illustrates a sixth embodiment of the method of the invention. The sixth 
embodiment uses reagent injection spectral analysis operating in reagent-injected-by-sample- 
extraction, syringe-pump, sample-stopped mode. Referring to FIG. 14, the method of the 
sixth embodiment includes running extractor pump 34 at a selected pump rate for a selected 
extraction time so as to inject a defined volume of reagent from reagent container 35 into 
formation fluid in flow-line 30. This creates a stopped mixture of formation fluid and reagent 
in the flow-line. As in the first embodiment, the volume of reagent to be injected is 
determined by syringe pump rate and time. Preferably, the syringe pump rate is fixed, and 
adjusting the volume of reagent to be injected involves adjusting an injection time. 
Alternatively, adjusting the volume of reagent to be injected includes adjusting the syringe 
pump rate. 

Seventh Embodiment, 

Reagent-Injected-by-Sample-Extraction, Main-Pump, Sample-Stopped Mode 

[0081] The seventh embodiment of the method of the invention is illustrated in FIG. 16 
(apparatus) and FIGS. 17, 3 and 5 (method). 

[0082] FIG. 16 shows fluids analyzer 20 configured for operation of the seventh 
embodiment of the method. The configuration of FIG. 16 includes passive reagent container 
35 with pressure-coupler (passive piston) 36, and uses flow-line pump 51 to draw reagent 
from the reagent container into the flow-line, thereby indirectly injecting reagent. 

[0083] FIG. 17 illustrates a seventh embodiment of the method of the invention. The 
seventh embodiment uses reagent injection spectral analysis operating in reagent-injected-by- 
sample-extraction, main-pump, sample-stopped mode. Referring to FIG. 16, the method of 
the fifth embodiment includes running flow-line pump 51 at a selected pump rate for a 
selected extraction time so as to inject a defined volume of reagent from reagent container 35 
into formation fluid in flow-line 30. This creates a stopped mixture of formation fluid and 
reagent in the flow-line. The volume of reagent to be injected is determined by the pump rate 
and time of pump 51 during step 1714 of FIG. 17. After opening isolation valve VI and 
restarting pump 51 (steps 1716-1717), and after the mixture has passed through the spectral 
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analyzer, the mixture is discarded downhole via isolation valve V3 and main pump-out line 
61. 

Eighth Embodiment, 

Reagent-Injected-by-SampIe-Extraction, Step-Piston, Sample-Stopped Mode 

[0084] The eighth embodiment of the method of the invention is illustrated in FIG. 18 
(apparatus) and FIGS, 19, 3 and 5 (method). 

[0085] FIG. 18 shows fluids analyzer 20 configured for operation of the eighth 
embodiment of the method. The configuration of FIG. 18 includes passive reagent container 
35 including pressure-coupler (passive piston) 36 and fluid container 54 including pressure- 
coupler (passive piston) 55, and a step piston 57, Step piston 57 is coupled to fluid container 
54 via hydraulic fluid 56 passing through adjustable coarse and fine metering valves V10 and 
VI L Step piston 57 is also coupled to wellbore pressure via pressure coupling 58. Step 
piston 57 is driven to draw fluid into fluid container 54. It is driven by substantially equal 
pressures applied to substantially unequal areas on opposite sides of the piston. Step piston 
57 operates to draw sample into fluid container 54 from the flow-line via isolation valve V7, 
thereby causing injection of reagent from reagent container 35 into the flow-line. This 
creates a stopped mixture of formation fluid and reagent in the flow-line. The structure and 
operation of an apparatus (prior art) similar to step piston 57 is disclosed in US patent no. 
6,058,773 (item 15, FIG. 7). 

[0086] FIG, 19 illustrates an eighth embodiment of the method of the invention. The 
eighth embodiment uses reagent injection spectral analysis operating in reagent-injected-by- 
sample-extraction, step-piston, sample-stopped mode. Referring to FIG. 18, the method of 
the eighth embodiment includes running step piston 57 to inject a predetermined volume of 
reagent. The volume of reagent to be injected is determined by piston speed and time. Piston 
speed is controlled by setting coarse and fine metering valves V10 and VI 1. Piston speed 
and time are set so as to inject a predetermined volume of reagent from reagent container 35 
into formation fluid in flow-line 30. This creates a stopped mixture of formation fluid and 
reagent in the flow-line. 

Experimental Results 

[0087] FIG. 20A is a graph of optical density and dilution against time, presenting 
experimentally derived reagent/sample fluid mixing curves for a flow-line velocity of 
50 cm/sec. It shows kinetic scans of a pH-insensitive tracer dye absorbance (OD) and 
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dilution of reagent in the sample as a function of dye injection volume. The laboratory set-up 
simulated a downhole configuration similar to the first embodiment of the present invention. 
The injection point was 232 cm upstream of the optical detector. The flow-line internal 
diameter was 0.635 cm. The optical cell path length was 0.26 cm. A fixed volume of dye 
was injected into the flow-line with the flow stopped. Kinetic scan and fluid flow were 
started simultaneously immediately following the injection of reagent at t=0. The absorbance 
at 629 nm was recorded as a function of time by the downstream optical detector. The 
detection system used had a saturation limit of about 1.2 units, beyond which the signal to 
noise ratio was very poor. The kinetic scan was done at the maximum data acquisition speed 
of 0.033 seconds. The measured optical densities can be scaled to dye dilution factors as 
shown on the right axis. Dilution factor is defined as ratio of concentration of reagent in 
reagent container to concentration of reagent in mixed stream. For a given tool configuration, 
the dilution factors can be changed by changing reagent injection volume, flow-line sample 
velocity, or reagent concentration in container. Mixing curves can be used to select volume 
of reagent to be injected to get appropriate dilution factors. 

[0088] The pH of an unknown solution may be obtained spectroscopically using the 
equation below (R.G. Bates, Determination of pH: Theory and Practice, Chapter 6, John 
Wiley, 1964): 

pH = pK a +\og?± + log^ Eq.l 
Ya a 

where K fl is the thermodynamic equilibrium constant for the pH sensitive dye (reagent) added to 
the sample and is a function of temperature; A and B are the respective fractions of the acid and base 
forms of the pH sensitive dye; and y A and y B are respective activity coefficients of the acid and 

base forms of the dye, and depend on ionic strength of the solution and temperature. Both K a and 
activity coefficients could be weak functions of pressure as well. 

[0089] The fraction of the dye that exists in the acid form (A) and base form (B) are 
measured spectroscopically. The pH calculation depends only on the ratio of B to A and is 
independent of the absolute concentration of the dye. The only constraint on the dye 
concentration in sample is that, depending on the buffering strength of the aqueous sample, 
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there is an upper limit to the concentration of the dye beyond which the addition of the dye 
will affect the pH of the sample being measured. The lower limit on the dye concentration is 
set by the accuracy of the spectrophotometer and signal to noise ratio of the measurement. If 
the acid and base optical densities are very low, the poor signal to noise ratio will result in 
large errors in calculated pH. For typical formation waters and the optical detectors deployed 
in downhole formation tools, acceptable dye concentrations in fluid samples would typically 
fall in the range of 10' 5 M to 10~ 4 M. The range of acceptable dilution factors, and hence the 
volume of dye to be injected, can be estimated as a function of the dye concentration in the 
reagent container and expected sample flow-line velocity using mixing curves such as shown 
in Fig 20A. For example, using a 0.04% phenol red reagent, a peak dilution factor of 10-20 
would be acceptable for a 0.2 cm path length and moderate buffer strength of the sample. 
These limits are shown as the dashed lines in FIG. 20A for flow-line velocity of 50 cm/sec. 
Hence for a 0.04% phenol red reagent and sample flow-line velocity of 50 cm/sec for 
example, results from FIG. 20A would suggest that an initial selected injection volume be at 
least 2 cc. Data from about 4.8 seconds to 7 seconds can be used for pH calculation. Beyond 
7 seconds, the dye concentration may be too low and the signal to noise ratio poor. If the 
volume is higher, for example 5cc, then the region with dilution factor less than 10 around 
the peak (4.5 to 6 seconds) can be neglected when processing the data to calculate pH as here 
the reagent concentration is more than 10~ 4 M. However, data from 4 to 4.5 seconds can still 
be used, as can data from beyond about 6 seconds, where the dilution factor is acceptable 
again, to about 8 seconds. Beyond 8 seconds the signal to noise ratio deteriorates. Thus 
beyond 2cc, the volume of injection is not critical in this example. Even an injection of 30cc 
is acceptable, as suitable time-windows could still be selected, but this would consume more 
reagent. When a pH sensitive dye such as phenol red is injected, the downhole detector 
would record at least two kinetic optical density scans simultaneously; one for the base form 
of the dye at 559nm (Base OD(t)) and another for the acid form of the dye at 432nm (Acid 
OD(t)). While Base OD(t) and Acid OD(t) are functions of time, and depend on dye quantity 
injected and the flow rate, the ratio of Base OD(t) to Acid OD(t) is a constant and depends 
only on pH of the sample as seen in FIG. 20B. 

[0090] FIG. 20B shows laboratory measurement of pH of a buffer 7 solution using 0.04% 
phenol red reagent. The sample flow-line velocity is 16.67 cm/sec and the reagent injection 
volume is 5cc. The detector tracks the optical density of the acid and base fractions as the 
reagent-water mixture flows by it. The peak OD values for the two channels are used to 
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validate the volume of dye injected. The acid and base concentrations can be calculated from 
the optical density. Then pH can be calculated using Eq. 1 above. Note how the error in 
calculated pH increases as the signal to noise ratio for the optical densities in these two 
channels become unacceptable beyond about 25 seconds. 
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